Introduction
Type 3 copper proteins are characterized by a coupled binuclear copper active site, in which each copper atom is coordinated by three -nitrogens of histidine residues [1] . In general, proteins in this class can incorporate a dioxygen reversibly between two coppers in a symmetric side on fashion that is required for the expression of their activities. Phenoloxidases (PO) or tyrosinase, which is a member of the type 3 copper proteins, catalyzes the hydroxylation of monophenol compounds to ortho-diphenol (mono-phenoloxidase activity) and subsequent oxidation to produce the corresponding o-quinone (o-diphenoloxidase activity). In contrast, a type 3 dicopper site containing members of a protein family called catechol oxidase catalyzes only the latter di-phenoloxidase reaction [2, 3] . PO is an indispensable component for innate immunity in arthropods [4] . However, its enzymatic activity should be strictly regulated, because PO generates reactive quinone species and triggers melanin formation. Accordingly, this class of enzyme is synthesized as a pro-form or inactive form, whose di-copper active center is shielded by itself or another protein. In general, arthropod PO is synthesized in hemocytes as an inactive pro-enzyme. It has been suggested that the activation of proPO requires several components [5] . One of the essential factors for this process is a clip domain serine protease variously called the prophenoloxidase activating protein (PAP), prophenoloxidase activating enzyme (PPAE) or prophenoloxidase activating factor (PPAF), which cleaves the propeptide of proPO [6] [7] [8] .
crustacean Hc are synthesized in the hepatopancreas with the N-terminal signal peptide (SP) [33] , and present in hemolymph plasma [32] , while the well known arthropod PO is synthesized in hemocyte cells without the SP, and present in hemocytes [34, 35] . ii) The quaternary structure: the proPO forms a hexamer similar to the case of Hc, while the arthropod PO usually forms a dimer [14, 24, [34] [35] [36] . In this study, we solved the crystal structure of the hexameric PO as a pro-enzyme prepared from the hemolymph of kuruma prawn at a resolution of 1.8 Å. This structural analysis provides clues to the mechanism underlying the gain or loss of PO activity in type 3 copper proteins.
Results

Model quality and overall structure of proPO
The structure of proPO from kuruma prawn was determined by the single wavelength anomalous dispersion (SAD) method using anomalous scattering of copper atoms in the active site. The final structure was refined to a resolution of 1.8 Å. The overall coordinate error of the final model, estimated from Luzzati plots, was 0.17 Å. Root mean square deviations (rmsd) of bond lengths and angles from the ideal values were calculated using the PHENIX program [37] and are listed in Table 1 .
These values are well within acceptable limits, indicating that all of the structures have tight stereochemical constraints. A Ramachandran plot of the final structure shows that 98.3% and 1.56% of all residues were in the most favorable and additional favorable regions, respectively. Only one residue (Phe686) was in the disallowed region of the plot. This residue is a component of the C-terminal small circular peptide (see below) and has unusual  and  angles. Refinement statistics are shown in Table   1 .
The final model contained two subunits in the asymmetric unit of the H3 space group (Fig. 1a, b) .
When the 22
nd valine residue from the initiated methionine residue is defined as the first amino acid residue [33] , the model of the monomer begins at 8 and ends at the C-terminal 687 of the proPO sequence ( Fig. 2) . Two copper atoms are present in the active site of each monomer (Fig. 1c) . As described in our previous report, proPO has some N-linked glycosylation sites [32] , some of which appeared to have the electron densities of N-acetylglucosamines (Fig. 1d) . The residues that appeared to be glycosylated were as follows, Asn317, Asn422, Asn427, Asn456, Asn470, and Asn550 of each subunit (Fig. 1c) . The residues 1-7, 40-44, 558-564 and 600-613 were missing in the final model because of the disorder. The overall folding of the proPO subunit is similar to that of proPO from M. (Fig. 1c, 2 ). The C-terminal domain, which formed a circular peptide via a disulfide bond between Cys682 and the C-terminal Cys687
( Fig.1e) , is unique to the proPO. The pro-region consists of short helices and a flexible loop.
Although the reported cleavage sequence of insect proPO (NRFG) [34, 35] is not present in the sequence, a putative cleavage site with similar sequence (DR
28
LG) is seen in the pro-region of proPO (Fig. 1c, Fig. 2 ). The pro-region faces to the surface of the domain I, and some interaction between them are seen. For examples, Phe15 (pro-region) interacts with Pro132 and Tyr117 (Domain I) via apolar contacts, while Tyr19 (pro-region) associates with Asp140 (Domain I) via a hydrogen bond.
Although the overall structures of proPO and M.sexta PPO are closely related, the pro-regions of them highly vary each other, except the N-terminal short helix and the following loop (Glu8-Ser21 of proPO and Phe5-Pro18 of M. sexta PPO) (Fig. 2) . Domain I and II have high content of -helix, while domain III consists of a twisted, 7-stranded, anti-parallel -sheet. Domain II is a catalytic domain harboring the type 3 copper site (Fig. 1c, 2 ). There are two disulfide bonds observed in domain III of each monomer (Cys572/Cys619 and Cys682/Cys687). However, proPO lacks another disulfide bond that is well-conserved between PO (Cys586/Cys630 in PPO of M. sexta) and Hc (Cys534/Cys576 in L. polyphemus). The disulfide bond of the former (Cys572/Cys619 of proPO) is strictly conserved among the proPO, insect proPO [24] , and arthropod Hcs [30] , whereas the latter (Cys682/Cys687) is unique to proPO. The Cys687 is the C-terminal residue, and the disulfide bond with Cys682 forms a small circular peptide that lies on the neighboring 3-fold symmetric subunit and interacts with it (Fig.1e) .
Hexameric structure and inter-subunit interactions of proPO
The native proPO formed a hexamer composed of six identical subunits (Fig. 3a , b). As described above, arthropod Hc also forms hexamer (Fig. 3c, d ). Furthermore, there are 2-and 3-fold symmetry axes in the hexamers of both proPO and Hc. However, the overall packing differs between the two (Fig. 3 ). An asymmetric unit of the H3 crystal of proPO contains a dimer. Each subunit in an asymmetric unit is characterized by a 2-fold non-crystallographic symmetry axis (Fig. 1a) . Along the symmetry axis, the helical (Val294-Met299) and loop (Leu288-Tyr293) regions in domain II interact with each other. The most prominent interaction occurs via - stacking between the two side chains of Tyr293 from the 2-fold symmetrical subunits (Fig. 1b) . The dimer in the asymmetric unit can be assembled to the hexamer by a 3-fold symmetry operation. Hence, the hexamer of proPO has a 3-fold symmetry axis in its center (Fig. 3b left) . In this respect, the hexamer consists of two trimers, which associate with each other in a face-to-face manner with a gap of 15 degrees. There is a large pore along the 3-fold symmetry axis of the hexameric proPO (Fig. 3b) . The diameter of the pore is approximately 12.1 Å at the narrowest point, which is formed by three side chains of Asn519 (Fig. 3b right). Therefore, solvent and inorganic ions can penetrate freely along the central pore.
Interaction between the pro-region and three-domain core
The average isotropic temperature factor of the pro-region, domains I, II, and III, and the C-terminal domain of proPO were calculated to 46.9, 31.6, 20.7, 28.4 and 50.3 Å 2 . The high B value in the C-terminal domain can be attributed to the long disordered loop between the end of the domain III and the C-terminal circular peptide. In fact, the average B factor of the circular region (Cys682-687) was calculated to 28.5 Å 2 . Similarly, the pro-region also has high temperature factor. The pro-region can be further divided into two regions (pro-region_1 and pro-region_2) being separated by the putative processing site Arg28. The pro-region_1 is ranging from the N-terminal to Arg28, while the pro-region_2 ranging from Leu29 to Glu52 (Fig. 2) . The average B-values of the pro-region_1 and pro-region_2 were calculated to be 41.4 and 53.5 Å 2 , respectively. The pro-region_1 interacted with the domain I by forming a hydrogen bond at the side chain of Tyr19 and the side chain of Asp140.
This hydrogen bond weakly fixes the pro-region_1 to the three-domain core region, while the amino acid residues around the N-terminal and putative processing site are more flexible. The putative processing site (Arg28) is positioned at the end of a short helix (Fig. 1c, 2 . These values are sufficient to suggest the possibility that Arg28 is the processing site.
The pro-region_2 has a higher temperature factor than the pro-region_1. In addition, the pro-region_2 contains a flexible loop that is missing in the current coordinate file. From the beginning of the pro-region_2 (Leu29) to Val46, no hydrogen bonds or apolar contacts with the three-domain core were observed. Judging from these observations, the pro-region_2 will become a disordered N-terminus after the processing at Arg28.
Active site structure
The coupled binuclear copper site consists of two coppers, CuA and CuB. This site is present in the center of the 4-helix bundle of domain II (Fig. 1c) . In the catalytic site, the distance between the two coppers is 3.6 Å. The UV/vis absorption spectrum shows apparent maximal absorbance at 340 nm ( Fig.   S1 ), which is an important characteristic of oxy form Hc, PO and tyrosinase [3, [38] [39] [40] . This maximal absorbance was not increased by the addition of equivalent molar of hydrogen peroxide (Fig. S1 ).
From these results, the status of di-copper active site was defined as oxy form, which is harboring two oxygen atoms between two coppers (Fig. 4a) . The CuA is coordinated by the NEs of three histidines (His199, His203, and His226), while the coordination residues to CuB are His357, His361, and His397 (Fig. 4b) . All of these coordinated ligand histidines are derived from the core 4-helix bundle of domain II. This coordination environment is similar to that of insect PO and Hc from crustaceans. In the structure of tyrosinase from Streptomyces, one coordinated histidine residue is derived from a flexible loop, resulting in its side chain flexibility and the instability of CuA [25] . In contrast, the side chain flexibility was not observed in the crystal structure of proPO. The covalent cysteine-histidine bond which is usually observed in the active site of eukaryotic tyrosinase or catechol oxidase [2, 28, 41, 42] was not present in the proPO structure.
The coordinated histidine residues are stabilized by side chains of three phenylalanine residues (Phe72, Phe222, and Phe393) (Fig. 4b) . The Phe72 corresponds to the "place-holder" residue Phe49 of the L. polyphemus Hc structure. To compare the structure around the di-copper active site of proPO to that of crustacean Hc, the superimposed structure is shown in Fig. 4c . As shown in Fig. 4c , there is additional one phenylalanine residue, Phe371, designated as F3 in the figure, around the active site of crustacean (P. interruptus) Hc (see also Table 2 ). Phe371 of crustacean Hc interacts with CuA-liganded histidine residue (H A 2), while the corresponding residue of proPO is substituted by valine ( Fig. 4c , Table 2 ). In the structure of proPO, a cavity is observed in the vicinity of the active site ( Fig. 4d) . A cavity is also observed in crustacean Hc (Fig. 4e) . However, the cavity of crustacean Hc doesn't expand to the active site, because F3 (Phe371) side chain which interacts with CuA liganded histidine (H A 2) blocks the active site (Fig. 4e ). The positions of other three phenylalanines (Phe72, Phe222, and Phe393 of proPO) which are designated as F1, F2, and F4, respectively, are highly conserved among arthropod proPO and Hc (Table 2 , Fig. 5 ).
Accessibility to the di-copper active site
Since the ASA values of the six histidine residues (His199, His203, His226, His 357, His361 and His397) of the active site were calculated to be 0.70, 10.5, 3.40, 0.20, 0.10, and 1.00 Å 2 , the di-copper active site and coordinated histidine residues are almost completely buried in the structure of proPO.
However, a cleft leading from the outside to the active site is observed (Fig. 6a, b) . The amino acid residues separating the active site cavity from the cleft are Tyr208 and Tyr209 ( 
Mono-and di-PO activities of proPO and Hc
Since the PO is synthesized as an inactive pro-enzyme much as in the case of other arthropod prophenoloxidases, the enzymatic activity needs to be enhanced by treatment with detergents or proteinases in vitro [32] . When the pro-form of PO was mixed with o-diphenol substrate (1 mM of DOPA) and a detergent (0.1% sodium dodecylsulfate, SDS) as an activator, the proPO showed significant di-PO activity, while a trace amount of dopachrome was produced without adding the SDS (Fig. 7a ). Purified Hc showed no detectable di-PO activity (Fig. 7a) . Similarly, when mono-phenol (1 mM tyramine) was used as a substrate, only SDS-treated proPO produced dopachrome actively ( Fig.   7b ). In contrast, SDS-treated Hc and non-treated proPO showed little or no mono-PO activity under this condition and time course (Fig. 7b) . However, when the incubation time was extended to 24 hours, the non-treated proPO showed trace mono-PO activity, which generated a detectable amount of dopachrome, whereas Hc gained no mono-PO activity in spite of the SDS-treatment (Fig. 7c ). These results indicated that the activity center was not fully blocked and a small amount of monophenol substrate can access the di-copper center, even if proPO was not activated by the addition of SDS or propeptide cleavage. On the other hand, purified Hc from the hemolymph of kuruma prawn could not be activated to gain mono-or di-phenoloxidase activity under these experimental conditions, irrespective of whether SDS was added.
The activity staining for di-PO activity was performed using 7.5% SDS-containing polyacrylamide gel after non-reducing SDS-PAGE. The PO activity was detected in the band of the purified proPO, whereas it was not detected in that of the purified Hc (Fig. S2 ). The apparent molecular weight of the band of proPO detected by CBB and activity staining was much larger than the 250 kDa marker.
Judging from these results, activated proPO maintained the native hexameric conformation after treatment with the sample buffer containing 2% SDS.
Discussion
Arthropod PO possesses a distinctive overall structure compared with the tyrosinases from bacteria, fungi and mammals. In fact, the three-domain architecture of the arthropod PO is more remindful of the Hc architecture. Hence, the high resolution crystallographic analysis of arthropod PO will provide clues to the reasons for the functional difference between these type 3 copper proteins. The present structure of proPO provides some specific structural features, e.g. hexameric quaternary structure and the C-terminal circular peptide linked via an intra-molecular disulfide bond (Fig. 1e) . Since the cleft leading to the di-copper active site positions outside of the hexamer (Fig. 6d) , this quaternary structure would not affect the phenoloxidase activity. In fact, this enzyme expresses the activity in its native hexameric form (Fig. S2 ). The C-terminal circular region associates with the surface of neighboring 3-fold symmetry mate in the hexameric structure (Fig. 1e) . It is possible that this hexameric structure is stabilized by this association to some extent.
In general, three or four phenylalanine residues, here designated the residues at positions F1, F2, F3, and F4, stabilize the conformation of the copper site, and sometimes they block the copper site to prevent non-specific oxidation of phenolic compounds. In regard to this surrounding of the active site, the present crystal structure reveals a distinctive difference compared with that of the crustacean Hc.
In the structure of Hc from the crustacean P. interruptus, the F3 position is occupied by phenylalanine (Phe371), whose side chain interacts with the imidazole ring of histidine in the H A 2 position via stable - stacking and seems to shield the access to the CuA and occupies the active site cavity (Fig. 4c, 4e ).
The bulky phenylalanine residue at the F3 position is highly conserved among crustacean Hc, whereas this part is substituted to a relatively small residue in the sequence of proPO and Hc of chelicerates;
i.e., the F3 position of proPO, M. sexta PPO and L. polyphemus Hc is substituted by valine (Val384), glutamate (Glu395) and threonine (Thr351), respectively (Fig. 5) . In contrast to the case of crustacean Hc, the F3 valine residue of proPO does not shield the di-copper site, especially in the CuA direction, that generates the active site cavity in the vicinity of the active site (Fig. 4d ). In the case of M. sexta PPO, the substituted glutamate side chain is reported to be flexible, suggesting that the side chain does not occupy the active site cavity. Similarly, the F3 position of the chelicerate Hc is substituted to threonine (Thr351 in L. polyphemus HcII) (Fig. 5 , Table 2 ). It has been suggested that the chelicerate Hc can acquire the PO activity by the treatment with SDS [20, 21] . However, one of these studies also pointed out that the crustacean-type Hc has only trace PO activity, even when activated [20] . In accordance with this observation, we failed to activate the Hc of kuruma prawn by SDS treatment (Fig.   7, S2 ). Thus, it is possible that the F3 site has a critical role in determining whether or not the Hc can be activated to acquire the PO function. Similar substitution was observed between bacterial tyrosinase from Bacillus megaterium (TyrBm, PDB ID: 3NM8) [27] and catechol oxidase from sweet potato (PDB ID: 1BT1) [2] . Sendovski M. et al. discussed that the CuA shielding phenylalanine of catechol oxidase is substituted to valine in tyrosinase, and this substitution enable the hydroxylation of monophenol in tyrosinase [27] . More recently, to validate this hypothesis, this valine residue in TyrBm was substituted to phenylalanine (V218F) and the enzymatic activity of the resultant mutant was assayed [43] . However, the mono-PO activity was not abolished, but rather enhanced by the substitution. This unexpected result is attributed to the flexibility of introduced phenylalanine residue, whose side chain is flipped out of the active site [43] . In contrast, the corresponding phenylalanine side chain of catechol oxidase (Phe361 of 1BT1) is fixed well and covers the active site. This observation further supports the significance of the aromatic side chain, which covers the CuA site by associating with the side chain of CuA liganded histidine residue. Until now, the Phe49 of Hc from L.
polyphemus has been considered a place-holder residue that act as a barrier to prevent the phenolic compounds from accessing the Hc active site [2, 30] . However, the place-holder phenylalanine is present in PPO of M. sexta (Phe88) and proPO (Phe72), both of which can be converted easily to active PO by treatment with SDS. Therefore, the phenylalanine of the F3 position can be considered as another factor for determining the activity.
Under the experimental conditions without the activator SDS, the di-copper active site is not directly exposed to the solvent and has a rigid conformation. However, leaky PO activity was observed without any activator (Fig. 7) . One of the candidates for the entrance to the active site is a paired tyrosine residues (Tyr208 and Tyr209), which separates the active site cavity from the cleft (Fig. 6c ).
Accordingly, it is possible that these residues have a role for controlling the activity of this enzyme.
Judging from their position, Tyr208 can be considered as a main shield of the active site cavity. The side chain of it is well fixed by the hydrogen bond with the main chain oxygen of Ala71 in the proPO.
In contrast, the side chain of Tyr209 doesn't form a typical interaction with others and has two side chain conformations. This flexibility may cause a partial disorder of the shield and the leaky enzymatic activity of proPO.
As described above, the hydrophobic residues (Phe69, Phe70, Ala71, Phe72 (the place holder) have at least two structural roles, i.e. as a place holder for the Cu B site (Phe72) (Fig. 4b) and a buckle for the shielding tyrosines (Ala71) (Fig. 6b) . Thus, in order to fully open the activity center, the hydrophobic amino acid residues (Phe69-Phe72) should be removed. This process may be achieved by SDS treatment in vitro, while it should be achieved by processing and other physiological activations in vivo. Over the last two decades, many components responsible for the arthropod proPO activation have been identified, mainly in insects [5] . An indispensable factor for the activation is one of the proPO activating factors (PPAFs): PPAF-I, II, and III [7, 8, 11, 44] . PPAF-I and -III belong to the catalytic group of clip domain serine proteases (SPs), while PPAF-II belongs to the non-catalytic group of the clip domain SP (serine protease homolog (SPH)). Although the processing of proPO by the protease is required for the activation, proPO does not acquire the PO activity by this pro-peptide cleavage alone [11, 12, 44] . The present structure supports this fact, because Phe69, Phe70, Ala71, and Phe72 (place-holder) very stably interact with the region in the vicinity of the di-copper active site (Fig. 6b) . It is possible that SPHs such as PPAF-II, another essential factor for the activation of proPO, play a role in removing the region containing the place-holder from the di-copper active site, which is also resulting in the removal of the shield tyrosines. This idea is supported by the fact that PPAF-II has a hydrophobic cleft in its clip domain for association with the hydrophobic region of proPO [45] .
The present study demonstrated that the proPOs from crustaceans and insects have similar three-dimensional structures. Together with the fact that some orthologs of insect proPO-activating factors were identified in crustaceans [46, 47] , this suggests that similar activation mechanisms may exist in crustaceans. However, in crustaceans, research on prophenoloxidase and its activation factors has been focused on well-known hemocyto-type proPOs. It would be of great interest to investigate whether the specific activation factors are present for proPO, and whether this hemolymph-type proPO also plays a significant role in the innate immunity of crustacean.
Materials and Methods
Protein preparation, crystallization, and data collection
The proPO and Hc were purified from the hemolymph of live kuruma prawns by hydrophobic, anion exchange, and size exclusion chromatography. The detailed purification method for purifying the refinement, the di-copper sites were refined using a model containing two coppers and a water molecule without any restrains. Since the active site was defined as an oxy form by the resulting electron density maps and spectrophotometric analysis, refinement was carried out using the model containing two oxygen atoms between two coppers under the restraint with modified cif file of Cu 2 O 2 (CUO.cif in CCP4i suit). Finally, R work dropped to 0.175 for all 239,448 reflections, and R free dropped to 0.196 for all 11,997 reflections. Figures 1, 3 , 4, and 6 were produced by PyMOL (DeLano Scientific, San Carlos, CA, USA). The images of the electrostatic potential of the protein surface were generated using the APBS application [59, 60]. The accessible surface area of amino acid residues in proPO sequence were calculated with the "Accessible Surface Area" application in the CCP4i suite.
UV/vis absorption spectrophotometry
The UV/vis absorption spectra were recorded using Hitachi U-2001 spectrophotometer (Hitachi, Tokyo, Japan) with a quartz cuvette of 1 cm path length. The concentration of purified proPO was 12.5 M dissolved in 20 mM TrisHCl buffer (pH 7.8) containing 0.15 M NaCl. The spectrum was obtained by scaning the absorbance from 500 to 250 nm. Then, 12.5 M of hydrogen peroxide, which was equivalent to the concentration of the enzyme, was added for three times. After every step of addition of hydrogen peroxide, the spectrum was recorded.
Analysis of PO enzymatic activity
To determine the enzymatic properties of the proPO and Hc from kuruma prawns, the concentrations of the purified proteins were adjusted to 0.3 mg ml Fig. S1 The Uv/vis absorption spectra of proPO and H 2 O 2 -treated proPO.
Supporting information
Fig. S2 Non-reduced SDS-PAGE analysis of purified proPO and Hc. Non-reduced SDS-PAGE analysis of purified proPOβ and Hc. Purified proPOβ and Hc were separated by non-reduced SDS-PAGE, followed by the detection with CBB R250 staining (a) and activity staining using L-DOPA as a substrate (b).
